Angioedema is defined as local, noninflammatory, self-limiting edema that is circumscribed owing to increased leakage of plasma from the capillaries located in the deep layers of the skin and the mucosae. Two mediators, histamine and bradykinin, account for most cases of angioedema. Angioedema can occur with wheals as a manifestation of urticaria, and this form is frequently allergic. In the present review, we discuss nonallergic angioedema without wheals, which can be divided into 3 acquired and 4 hereditary forms. Histamine is the mediator in acquired angioedema of unknown etiology (idiopathic histaminergic acquired angioedema), whereas in other forms the main mediator is bradykinin. Angioedema can be caused by C1-inhibitor deficiency (C1-INH-hereditary angioedema and C1-INH-acquired angioedema), mutations in coagulation factor XII (FXII-hereditary angioedema), and treatment with angiotensin-converting enzyme inhibitors (ACEI-acquired angioedema). Etiology remains unclear in acquired angioedema (idiopathic nonhistaminergic acquired angioedema) and in 1 type of hereditary angioedema (hereditary angioedema of unknown origin). Several treatments are licensed for hereditary C1-INH deficiency. Plasma-derived and recombinant C1-INHs, the bradykinin receptor blocker icatibant, and the plasma kallikrein inhibitor ecallantide have been approved for on-demand treatment to reverse angioedema symptoms. Attenuated androgen and plasma-derived C1-INH are approved for prophylaxis. Key words: Angioedema. Bradykinin. Histamine. C1 inhibitor. Coagulation factor XII. Angiotensin-converting enzyme inhibitors. Urticaria.
Introduction
Angioedema is defined as local, noninflammatory, selflimiting edema that is a circumscribed owing to increased leakage of plasma from the capillaries located in the deep layers of the skin and the mucosae. The leakage depends on accumulation of endogenous inflammatory compounds that increase endothelial cell permeability without a fullblown inflammatory process. Hence, of the Celsus tetrad of inflammation (tumor, rubor, dolor, and calor) only tumor (edema) is characteristic of angioedema, thus confirming local accumulation of fluid and absence of inflammatory infiltrate [1] . This "limited inflammation" manifests clinically as the edema described above, which remits in no longer than 5 days with no residual damage. Persistent local cutaneous edema, such as the facial swelling that is characteristic of Melkersson-Rosenthal syndrome, should not be considered angioedema [2] .
Angioedema frequently presents with other skin lesions, mainly wheals. These lesions result from increased capillary leakage caused by endogenous mediators, which, in this condition, act on vessels of the superficial skin layers. In wheals, rubor and calor, which are clinical manifestations of vasodilation, stand out over tumor, which is the clinical manifestation of plasma leakage [3] .
Angioedema and wheals are cardinal symptoms of urticaria. The concomitant presence of the 2 lesions is either reported as urticaria-angioedema syndrome or simply as urticaria. This term is maintained when wheals occur without angioedema, although it should not be used for angioedema without wheals.
The approach to the patient with angioedema should take an additional 2 features into account, namely, acute onset of symptoms upon exposure to a specific trigger(s) (allergic, pseudoallergic, and physical) and chronic recurrence of symptoms not related to a specific trigger(s) (chronic spontaneous urticaria and angioedema without wheals) [4] . Nonallergic angioedema without wheals encompasses various conditions with differing etiology and pathogenesis, in which angioedema is the most substantial part of the disease [5] . Nonallergic angioedema, which we consider primary angioedema, has only recently been classified and is the topic of this review ( Figure 1 ) [6] .
Pathophysiology
The mediators that induce endothelial cell permeability and their mechanisms of release are key elements in the diagnosis and treatment of primary angioedema. Vessel leakage and formation of edema depend on the integrity of the endothelial cell-cell junction and cell-surface expression of the transmembrane adhesive protein, vascular endothelial (VE) cadherin. Phosphorylation of VE-cadherin by tyrosine is a general mechanism involved in weakening of the endothelial cell barrier resulting from cell stimulation. It is likely that histamine and bradykinin, the 2 main mediators involved in angioedema, exert their permeabilizing effect mainly through phosphorylation of VE-cadherin [7, 8] . Detection of soluble VE-cadherin in the serum of patients with a form of primary angioedema during an attack reinforces this view [9] . Phosphorylation of intracellular proteins requires generation of nitric oxide (NO) by endothelial cell NO synthase. Various transmembrane receptors enhance endothelial cell NO synthase, thus contributing to permeability. The 2 major factors that determine vascular permeability are blood flow and endothelial barrier function [10] . In the case of histamine, a recent study revealed that hyperpermeability is due mainly to the NO-induced increase in blood flow, which in turn is controlled by stimulation by vascular endothelial growth factor [7, 11] . According to this finding, rubor and calor are features of histaminergic urticaria and tend to be more evident in histaminergic forms of angioedema than in nonhistaminergic forms. Several receptors expressed on the endothelial cell membrane transduce intracellular signals that increase intracellular NO through various pathways. Thus, concomitant activation of receptors can eventually modulate endothelial permeability and consequent vasodilation and edema. In this sense, a recent observation by our group shows that clinical phenotypes of patients with hereditary angioedema due to C1 inhibitor deficiency (C1-INH-HAE) could be differentiated by serum levels of vascular permeability factors [12] . Envisaging a multifactorial response helps us to understand how genetic C1-INH deficiency, a congenital systemic defect, is expressed with the clinical phenotype of periodic angioedema. Periodic angioedema is mediated by excessive local generation of bradykinin that stimulates B2 receptors (BK-B2R), which in turn causes edema through the intracellular NO pathway [13] . Bradykinin is the end product of the contact activation system and kallikrein-kinin system ( Figure 2 ) [14, 15] . It is released when high-molecular-weight kininogen is cleaved by plasma kallikrein generated from its zymogen plasma prekallikrein [16] . The process is triggered/amplified by the presence of active coagulation factor XII (FXIIa), which is derived from the inactive precursor FXII. Plasma prekallikrein, FXII, and high-molecular-weight kininogen form a complex in plasma and bind urokinase plasminogen activator receptor, cytokeratin 1, and gC1qR, which are located nearby on the endothelial cell membrane [17] . Upon initial activation by as yet unknown stimuli and in the presence of defective control due to C1-INH deficiency, the cell-bound complex generates excessive BK, which escapes inactivation and stimulates BK-B2R. Periodicity and localization of symptoms could be explained by the need for BK to encounter endothelial cells that are primed to respond by concomitant and as yet unknown stimuli [18] . This view is supported by evidence of an increase in levels of protein markers of endothelial cell activation during angioedema in patients with genetic C1-INH deficiency [19] .
In summary, primary angioedema is caused by accumulation of a mediator that triggers specific receptors on a responsive endothelial surface. Binding generates intracellular NO, which disrupts the adhesiveness of adjacent endothelial cells, thus enabling accumulation of extracellular fluid. Various etiologic factors can lead to the release/accumulation of this mediator, thus accounting for nearly identical clinical phenotypes. same is true if the swollen lip presents along with wheals (urticaria) all over the body. The questions asked by the doctor indicate that in both situations, the patient has experienced subcutaneous, localized edema, and allergy is the most common cause. If the patient recalls a potentially causative agent(s), the next step is an allergy workup; if not, the workup varies depending on whether the presentation was with or without wheals.
Recognizing Angioedema Phenotypes
Angioedema symptoms per se indicate that allergy is the most common cause and histamine the most common mediator. Once allergy has been excluded and the symptoms recur, the condition needs to be framed based on the mediator, which may be histaminergic or nonhistaminergic. Histamine accounts for nearly all angioedema occurring with wheals and for most of those without wheals. Clinically, it is important to identify the mediator, because it drives therapy: in emergency situations, the frequency of the various forms may be the main criterion for choosing one treatment over another. In addition to epidemiology, a series of clinical characteristics can help to orient physicians towards the underlying mediator. Some of the most representative features of angioedema mediated by histamine and by bradykinin are reported in Table 1 .
The first classification of angioedema without wheals was reported by the HAWK group in 2014 and identifies 7 forms subdivided into 2 groups, hereditary and acquired. The criteria for considering angioedema hereditary are reported in Table 2 . It is worth noting that hereditary angioedema can occur in the absence of a family history of angioedema. Within acquired and hereditary angioedema, specific forms are further distinguished by etiology, pathogenesis, or simply clinical phenotypes ( Figure 3 ) [6] .
Acquired Angioedema
The first form of acquired angioedema, idiopathic histaminergic acquired angioedema (IH-AAE), is of unknown origin, although it stops recurring with long-term antihistamine treatment. The characteristics of this form of angioedema are similar to those of urticaria ( Table 3) . As in wheals, erythema is fairly visible, and the lesion is more circumscribed than it is in nonhistaminergic forms. We previously reported data on a cohort of patients in whom angioedema without wheals was the most common form [20] . IH-AAE is diagnosed by excluding known causes of angioedema and resolution of symptoms with long-term antihistamine treatment. Acute symptoms usually respond to corticosteroids and epinephrine [21] .
The most common form of recurring nonhereditary angioedema, even after high-dose antihistamine treatment, is associated with angiotensin-converting enzyme inhibitors (ACEI-AAE). ACEIs, which are used mainly for hypertension and heart failure, leave 0.5-1% of treated patients open to recurrent angioedema [22] . Symptoms do not appear directly on exposure, as in adverse drug reactions. They may start years after initiation of therapy and can recur with varying frequencies, from a few times a year up to every week [23] . When treatment with ACEIs is withdrawn, swelling stops or decreases considerably, although nearly 25% of patients who had their first angioedema attack during treatment continue to experience recurrences after discontinuation [24] . ACEI-AAE affects oral and perioral locations more often than other sites, with possible laryngeal involvement and risk of death [25] . BK was thought to be involved in this form of angioedema on the grounds that ACE is the main physiologic pathway of 215 [26] . This observation is further supported by evidence that levels of plasma BK increase in patients treated with ACEIs and particularly when patients receiving these drugs present symptoms of angioedema [27, 28] . Moreover, a controlled study showed that the BK receptor antagonist icatibant reverses angioedema symptoms in ACEI-AAE [29] .
Another well-defined form of AAE results from C1-INH deficiency (C1-INH-AAE), which does not depend on a genetic defect, but on protein consumption. It is clinically identical to the hereditary form, except that onset occurs after the fourth decade of life [30] . We recently reviewed a case series of 77 patients diagnosed since 1975 (Zanichelli et al, manuscript in preparation). Over this period, we diagnosed 1 case of C1-INH-AAE for every 8.8 cases of C1-INH-HAE, whose minimum prevalence in the Italian general population is 1:66 000 [31] . The most important characteristic of this type of angioedema is the association with B-cell disorders, ranging from production of anti-C1-INH autoantibodies that can proliferate to appear as monoclonal bands of uncertain significance to malignant lymphoid proliferation of non-Hodgkin lymphoma (NHL) [32, 33] . Autoantibodies bind and inactivate C1-INH, thus rendering it deficient, while neoplastic B-cell tissues can directly consume C1-INH [34] [35] [36] . NHL was recorded in 33% of the patients in our series; in 77%, it took the form of splenic marginal zone lymphoma [37] , a rare form of lymphoma (10% of all cases of NHL) in which neoplastic clones originate in postgerminal centers, ie, they derive from antigen-primed B cells. The extraordinarily high frequency (7-fold) of this lymphoma in C1-INH-AAE suggests that stimulation of the antigen (C1-INH protein) by the immune system can contribute to lymphomagenesis in affected patients. Diagnosis of C1-INH-AAE requires functional [30] .
The third form of nonhistaminergic AAE is defined based on recurrence of angioedema without wheals and a series of negative findings that enable us to define it as idiopathic (InH-AAE) (Table 4 ) [6] . Experimental evidence for BK mediating this type of angioedema is minimal and insufficient to draw conclusions on the responsible mediator [28] .
Hereditary Angioedema
Various genetic mutations express the clinical phenotype of recurrent hereditary angioedema (HAE), which characteristically manifests without wheals. This phenotype causes significant personal, domestic, social, and occupational disability and exposes patients to the risk of death [38] . Mutations in 2 genes, the C1-INH gene (SERPING1) and factor XII gene (F12) have been shown to be responsible for 2 separate types of HAE, namely, C1-INH-HAE and FXII-HAE [39, 40] . A third type, HAE of unknown origin (U-HAE), is not associated with SERPING1 or F12 mutations and does not involve plasma C1-INH deficiency. Moreover, its genetic cause is unknown [6] . All types of HAE share the same autosomal dominant pattern of inheritance. C1-INH-HAE depends on heterozygous SERPING1 mutations that cause deficient production of the normal protein. Its biochemical diagnosis is based on antigenic and/or functional plasma C1-INH levels below 50% of normal. The clinical penetrance of this defect approaches 100%, and angioedema stands out clearly in affected subjects (Table 5 ). For FXII-HAE, the diagnosis depends on the detection of specific mutations in F12, along with a personal or family history of recurrent angioedema without wheals. Low penetrance is characteristic of this form of angioedema: it is exceptional to find symptomatic males, and women have angioedema mostly in the presence of hyperestrogenemia, ie, during pregnancy or while taking birth control pills [41] . C1-INH deficiency leads to angioedema because it controls contact system activation; in the absence of C1-INH, the contact system releases bradykinin to cause angioedema. Recent evidence supports the notion that F12 mutations also facilitate release of BK [42] . For U-HAE, the mechanism of angioedema formation remains unclear, and no significant data have been reported. Joseph et al [43] recently reported on the deficiency in plasma of plasminogen activator inhibitor 2 (PAI-2), a regulator of the fibrinolytic system, in patients with U-HAE. Since plasmin, the major enzyme of the fibrinolytic system, facilitates release of BK, defective regulation of this system could also link this type of HAE to excessive BK production.
Thus, family history is extremely important in patients presenting with angioedema without wheals. If positive, a diagnosis of HAE can be confirmed, but should be refined with further investigations aimed at identifying C1-INH deficiency or F12 mutations. Nevertheless, de novo mutants represent approximately 25% of index cases diagnosed with C1-INH-HAE [44] , and the low penetrance of FXII-HAE has already been mentioned. Both conditions indicate that in angioedema without wheals, a negative family history is insufficient to rule out a hereditary form. All patients with otherwise unexplained angioedema without wheals should be screened for C1-INH deficiency and, in the case of women, we also recommend genotyping for F12.
Therapeutic Approach to Angioedema
Histaminergic forms of angioedema are treated with antihistamines, corticosteroids, and epinephrine, as in other allergic mast cell-mediated disease. Initial evidence for the efficacy of the anti-IgE receptor omalizumab has recently been reported for angioedema of unknown origin [45, 46] . The critical problem of treating angioedema arises in forms that are non-histamine-mediated. Of these forms, C1-INH-HAE, where BK is the recognized mediator, is the only one in which treatments targeting BK have been developed and are now licensed [47] . No controlled studies have been conducted and no treatments licensed for the remaining forms of angioedema without wheals.
The therapeutic approach to C1-INH-HAE is based on the periodic nature of this disease, with strategies to revert or to prevent attacks by blocking release or activity of BK [48] . Acute attacks can be treated using C1-INH replacement, inhibition of plasma kallikrein, and blockade at the BK-B2Rs; prophylaxis is based on attenuated androgens and infusion of plasma-derived C1-INH concentrate (pd-C1-INH). There is widespread agreement on therapeutic goals (reduction in morbidity and mortality, prevention of recurrence, and improvement in quality of life). The initial approach involves on-demand treatment, which must be replaced by long-term prophylaxis (LTP) when it fails to significantly improve the patient's quality of life. Essential recommendations provided by guidelines are summarized in Table 6 [49] . A third therapeutic strategy, the so-called short-term/preprocedural prophylaxis, prevents occurrence of angioedema in high-risk situations that last for short periods [50] . Patients should have medicines to treat acute attacks at home and should be trained to self-administer these medicines All attacks, irrespective of location, are eligible for treatment as soon as they are clearly recognized by the patient On-demand treatment for acute attacks should be the initial goal for all patients because it may reach the goals of HAE treatment by preventing death and reducing morbidity Long-term prophylactic treatment is appropriate for patients in whom on-demand therapy is inadequate to minimize the suffering related to the disease The circumstances under which on-demand therapy should be considered inadequate and the patient switched to long-term prophylaxis are controversial, and no consensus has been achieved
Treatment of Acute Attacks
Three C1-INH concentrates (Berinert, Cinryze, and Ruconest), the BK-B2R antagonist icatibant, and the kallikrein inhibitor ecallantide are licensed for treatment of attacks (ecallantide is only available in the USA). These medications proved to be significantly more effective than placebo (or tranexamic acid in the case of icatibant) in randomized, doubleblind, placebo-controlled clinical trials [51, 55] . The relative efficacy of the drugs has not been compared in head-to-head trials. Guidelines recommend that, whenever possible, patients are instructed to self-administer on-demand treatments to maximize effect. Intravenous pd-C1-INH and subcutaneous icatibant are licensed for self-administration [56] [57] [58] [59] . Ondemand therapy, particularly when self-administered, shortens the duration of attacks, leading to a dramatic reduction in the duration of angioedema symptoms [60] . The main difficulty is to educate and enable patients to treat attacks at onset in order to minimize disease-related disability. On-demand treatments have not been associated with significant adverse effects.
Prophylaxis of Attacks
In patients who experience frequent attacks and in whom on-demand therapy cannot adequately control disease, regular therapy to prevent episodes of angioedema should be considered. Attenuated androgens and pd-C1-INH have proven effective for LTP. The use of antifibrinolytic agents for LTP is supported by findings from randomized trials, although they are only used in specific populations owing to the significantly greater efficacy of the previous 2 approaches [50] . Given that breakthrough angioedema attacks may occur during LTP, all patients receiving this regimen must have on-demand therapy available for emergency situations.
Attenuated androgens increase plasma levels of C1-INH [61] . These drugs were first used for LTP in the 1970s and continue to play a major role in disease management because of their high efficacy [62] . The main concerns associated with their use are residual androgenic activity, liver toxicity, and atherogenic changes in the lipid profile, which require careful surveillance [63] . Therapy with attenuated androgens is highly problematic until after puberty and has been contraindicated during pregnancy and breastfeeding [64] . As adverse effects are dose-dependent, the minimal effective dose should be determined: treatment with danazol should be discouraged if doses exceeding 200 mg per day are needed.
Cinryze is currently the only C1-INH concentrate approved for LTP. In a randomized controlled trial, doses of 1000 U every 3-4 days reduced the frequency of attacks by 50% [54] . The main problem with this approach is that of venous access, which can limit use in some patients. A report from the United States Food and Drug Administration 3 years after registration in the USA revealed that Cinryze was associated with thrombotic events [65] . No such reports have since been published. It seems likely that initial thrombotic events were related to indwelling venous catheters that should not have been used to overcome venous access problems.
Although most HAE attacks occur spontaneously, it is well known that local trauma, stress, and surgical procedures can trigger angioedema. Physicians and patients are frequently concerned about the risk of swelling associated with upper airway manipulation, including dental care, but even minor procedures can induce angioedema from a few hours to a few days later. Thus, depending on the kind of procedure and on the patients' history of previous HAE attacks, a course of shortterm prophylaxis (STP) may be planned when appropriate. The efficacy of pdC1-INH in STP has been shown to be dosedependent in retrospective evaluations of dental procedures and other types of surgery [66, 67] . Danazol may be considered an alternative to pd-C1-INH for STP. It needs to be started 5 days before and continued 2-3 days after the procedure [68] .
Off-label Treatments for Angioedema
Other than C1-INH-HAE, no drugs have been licensed for the treatment of nonhistaminergic angioedema without wheals. Nevertheless, uncontrolled studies give an indication of the potential efficacy of some drugs for treatment of angioedema. Given the close similarity between C1-INH-HAE and acquired C1-INH deficiency, responses to various drugs have been similar. The main difference between the 2 conditions is that therapies based on C1-INH, C1-INH replacement, and attenuated androgens can become ineffective in a minority of patients (Zanichelli et al, manuscript in preparation). The reason for this finding is unclear. We speculate that it depends on the rate of C1-INH catabolism that underlies the disease and that in some patients it cannot be resolved. Icatibant can replace pd-C1-INH for acute treatment in nonresponsive patients [69] , and the response to antifibrinolytic LTP appears to be better in C1-INH-AAE than in the hereditary form [70] . Angioedema symptoms in C1-INH-AAE patients can be controlled indirectly by treating the underlying lymphoma [71] .
The only controlled trial outside C1-INH-HAE was that performed to test the efficacy of icatibant in reverting angioedema attacks in patients with ACEI-AAE [29] . The authors showed that the time to complete resolution of edema was significantly shorter with icatibant than with combination therapy with a corticosteroid and an antihistamine. This indication has not been registered, with the result that icatibant remains off-label for it.
Evidence of treatment efficacy in other types of hereditary or acquired nonhistaminergic angioedema with normal C1-INH is limited to case reports and uncontrolled small case series. Treatment of acute attacks has been approached with all BK-targeting drugs, although evidence of efficacy is too disperse to draw conclusions [72] [73] [74] [75] . In our experience [20] and in that of Wintenberger et al [76] , the efficacy of the antifibrinolytic agent tranexamic acid in preventing angioedema symptoms in patients with nonhistaminergic angioedema with normal C1 inhibitor levels appears to be good. For the same group of angioedema patients, Saule et al [77] also reported favorable experience with progestins, especially antigonadotropic progestins, to prevent attacks.
In recent years, we have made tremendous progress in defining new forms of angioedema and in developing treatments to target BK. In the near future, we hope to be able to adapt these and other approaches to the most relevant unmet need in the field, namely, nonhistaminergic angioedema with normal C1-INH levels.
